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Abstract 
An assessment of the reliability of the SCIAMACHY satellite sensor measurements to interpolate tropospheric 
concentrations of carbon monoxide considering the low-latitude climate of the Niger Delta region in Nigeria 
was conducted. Monthly SCIAMACHY CO column measurements from January 2003 to December 2005 were 
interpolated using ordinary kriging technique. The spatio-temporal variations observed in the reliability were 
based on proximity to the Atlantic Ocean, seasonal variations in the intensities of rainfall and relative humidity, 
the presence of dust particles from the Sahara desert, industrialization in Southwest Nigeria and biomass 
burning during the dry season in Northern Nigeria. Spatial reliability of 74% and 42% are observed for the 
inland and coastal areas respectively. Temporally, average reliability of 61% and 55% occur during the dry and 
wet seasons respectively. Reliability in the inland and coastal areas was 72% and 38% during the wet season, 
and 75% and 46% during the dry season respectively. Based on the results, the WFM-DOAS SCIAMACHY CO 
data product used for this study is therefore relevant in the assessment of CO concentrations in developing 
countries within the low latitudes that could not afford monitoring infrastructure due to the required high costs. 
Although the SCIAMACHY sensor is no longer available, it provided cost-effective, reliable and accessible data 
that could support air quality assessment in developing countries.  
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1. Introduction 
 Optical satellite sensors continue to play 
significant roles in the local, regional and global 
assessment of concentrations of air pollutants and 
greenhouse gases (GHGs) within the lower 
troposphere (Buchwitz et al. 2006; Gupta et al. 
2006; Lamsal et al. 2008; Li et al. 2011; Martin, 
2008; Osterman et al. 2007; Shim et al. 2009). 
Although they are limited in their ability to directly 
estimate concentrations below cloud cover and in 
areas with high relative humidity (Levelt et al. 
2006), mechanisms are currently available to 
estimate and correct for amounts of trace gas 
hidden below the clouds (Butchwitz et al. 2006; 
Dils et al. 2006; Frankenberg et al. 2005; Levelt et 
al. 2006; Ziemke et al. 2006). With a growing need 
for reliable spatially enhanced, timely and 
comparable data for air quality modeling (European 
Environmental Agency, EEA, 1999), and the 
availability and cost limitations of in-situ 
measurements in remote areas and developing 
countries (Gupta et al. 2006), satellite sensor 
measurements are increasingly relevant in 
providing continuous, reliable and comparable 
local and regional data for air quality purposes 
(Sifakis, 1999). Such data are being used in 
conjunction with in-situ measurements to provide 
ground-level concentrations of air pollutants 
(Lamsal et al. 2008). The use of satellite-based 
measurements for air quality assessment still 
requires ground-based measurement support. 
Methodologies that combine satellite-based 
measurements with ground based measurements 
and chemical transport models to predict ground-
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level concentrations of air pollutants have been 
developed (Di Nicolatino et al. 2009; Gupta et al. 
2006; Hutchison, 2003; Lamsal et al. 2008). This 
paper presents an assessment of the suitability of 
the available total column measurements of carbon 
monoxide (CO) from the Scanning Imaging 
Absorption Spectrometer for Atmospheric 
Cartography (SCIAMACHY) to generate reliable 
estimates over the Niger Delta region of Nigeria. 
This will be useful in determining the relevance of 
its measurements to support the assessment of the 
concentrations of air pollutants considering the 
atmospheric interferences over the representative 
low-latitude region. This assessment considers 
seasonal variations in the climatic conditions within 
this low-latitude region and proximity to the coast. 
The suitability assessment is based on a 
categorization of reliability of estimates generated 
from kriging interpolation of the SCIAMACHY 
sensor column measurements. 
 The Scanning Imaging Absorption 
Spectrometer for Atmospheric Cartography 
(SCIAMACHY) sensor was launched on-board the 
European Space Agency (ESA) Envisat in March 
2002. The sensor measured atmospheric trace gases 
in the ultraviolet, visible and near-infrared 
wavelength region (240 – 2380 nm) at a moderate 
spectral resolution of 0.2 – 1.5 nm (Bovensmann et 
al. 1999). The trace gases measured by 
SCIAMACHY include carbon monoxide (CO), 
carbon dioxide (CO2), methane (CH4), nitrogen 
dioxide (NO2), ozone (O3) and sulphur dioxide 
(SO2) in the atmosphere (Bovensmann et al. 1999; 
Buchwitz et al. 2006). The ground sampling 
distances (GSD) at nadir at which SCIAMACHY 
measured atmospheric trace gases vary. For 
instance, the ground sampling distance (GSD) for 
CO is 120 x 30 km, and for CO2 and CH4 is 60 x 30 
km (Buchwitz et al. 2006). According to 
Bovensmann et al. (1999) and Gottwald et al. 
(2006), the objective of the SCIAMACHY mission 
was to improve the understanding of scientists on 
global atmospheric conditions and changes due to 
natural and anthropogenic activities. 
Although SCIAMACHY is no longer available, the 
measurements taken by the sensor during its 
lifespan are very relevant in understanding the 
spatio-temporal distribution of trace gas 
concentrations globally, including carbon 
monoxide. 
 Carbon monoxide is a criteria air pollutant 
with serious health impacts on humans and 
animals. The pollutant is released from 
anthropogenic activities which include transport, 
industrial production, power generation, energy 
use, gas flaring and burning of fossil fuels and 
biomass (Barker et al. 2007; Forster et al. 2007; 
Huston and Marland, 2003; Kampas and Castanas, 
2008; UNEP, 2005, USEPA, 2006). A number of 
algorithms developed for the retrieval of CO total 
column measurements from SCIAMACHY are 
based on the principle of the differential optical 
absorption spectroscopy (DOAS) (Buchwitz et al. 
2006; Dils et al, 2006; Frankenberg et al. 2005; 
Gloudemans et al. 2005). The DOAS technique has 
the capability to differentiate highly-reactive trace 
gases in a well-mixed atmosphere based on 
variations in their absorption wavelengths, usually 
in the near ultraviolet and visible wavelengths of 
the electromagnetic spectrum (Honninger et al. 
2004; Platt and Strutz, 2008; Richter, 2006; Strutz 
and Platt, 1996). 
 Buchwitz et al. (2007) retrieved vertical 
columns of CO, CO2 and CH4 using the Weighting 
Function Modified Differential Optical Absorption 
Spectroscopy (WFM-DOAS) algorithm. The 
algorithm is a least squares method based on 
scaling pre-selected vertical profiles, which 
produce vertical columns of trace gases (Buchwitz 
et al. 2007). The spectral fitting window for the 
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retrieval of CO is 2324.4-2335.0 nm (Channel 8) 
(Buchwitz et al. 2009). The SCIAMACHY CO 
data product retrieved from the WFM-DOAS 
algorithm is available from January 2003 to 
December 2005. The 2003 data was retrieved using 
the WFM-DOAS version 0.5 (Buchwitz et al. 
2006), while the 2004 to 2005 data were retrieved 
using the WFM-DOAS version 0.6 (Buchwitz et al. 
2009).  
 Dils et al. (2006) validated the 
SCIAMACHY data products retrieved from WFM-
DOAS (version 0.5 for CO) from January to 
December 2003 using a quasi-global network of 
eleven Fourier-transform infrared (FTIR) 
spectrometers operated at the Network for 
Detection of Stratospheric Change (NDSC) stations 
at different locations around the globe. The FTIR 
data were obtained under clear-sky conditions. 
Therefore, the data used for the comparison do not 
represent daily coverage. Consequently, the FTIR 
data were interpolated to third-order polynomial to 
generate daily representations, which were used for 
the comparison (Dils et al. 2006). The comparison 
showed that CO measurements produced average 
bias estimated at +9.2% for the 2003 data and 
+0.5% for the 2004 data. The standard deviation of 
the difference for 2003 and 2005 were +/- 20.5% 
and +/- 21.0% respectively (Buchwitz et al. 2009; 
Dils et al. 2006). In addition to the FTIR validation, 
the retrieved CO data was compared with 
Measurement of Pollution in the Troposphere 
(MOPITT) data products during the same period, 
and were found to be within an acceptable 20% 
error limit (Buchwitz et al. 2007). The 
measurements were generally more reliable under 
cloud-free conditions. The low-level reliability of 
SCIAMACHY measurements under cloudy 
conditions necessitate the importance of further 
studies on its relevance to monitoring 
concentrations of CO in a developing region within 
a tropical environment such as the Niger Delta.  
 The Niger Delta region is located in the 
southern part of Nigeria in West Africa, within the 
low latitudes of 4
o 15’N and 9o 21’N and longitude 
4
o 21’E and 9o 29’E. For this study, the Niger Delta 
has been defined using the administrative boundary 
of the nine States out of the thirty-six States of the 
Nigerian Federation where oil and gas activities 
take place (UNDP, 2006). Included in this area is 
the geographical delta area formed by the Niger 
River (ERML, 1997). The Niger Delta has a 
tropical monsoon climate along the coast, with 
rainfall peaks in June and September / October. As 
a result, the region experiences partial or full cloud 
coverage almost all year round. According to 
Leroux (2001) mean rainfall range in the Niger 
Delta region is at a minimum in December / 
January (estimated at 20 mm – 75 mm) and at its 
maximum in June (estimated at 300 mm – 700 
mm). The annual mean total rainfall is between 
1,500 mm and 3,000 mm; although coastal towns 
receive more rainfall (e.g. average annual rainfall in 
Bonny town is estimated at 4,520 mm). Mean 
monthly temperatures in the Niger Delta are lowest 
in August during the rainy season (24
 o
C – 25 oC), 
and highest around March / April (27
 o
C - 29
 o
C) in 
the period between the end of the dry season and 
the commencement of the rainy season. The annual 
mean temperature is 26
 o
C. The maximum daily 
temperatures are recorded between January and 
March (33
 o
C), while the minimum daily 
temperatures are recorded in July and December 
(21
 o
C) (Leroux, 2001).  
 
2.  Materials and methods 
2.1.  Datasets 
2.1.1.  SCIAMACHY CO data 
 SCIAMACHY WFM-DOAS Level 2B 
CO data product consists of files containing 
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monthly total column classified as “good”. The 
Level 2B data have been extracted from the raw 
Level 2A datasets consisting files of each orbit of 
the satellite sensor (Buchwitz, 2009). Each file 
consists of detailed header information and a table 
of data. The header information gives a detailed 
description of each column in the table of data. The 
location of a column measurement in the data 
product is defined by the central x- and y- 
coordinates of a specific area defined by a set of 
four x- and y- coordinates 
 
2.1.2.  Meteorological data 
 Meteorological data from eight stations 
within the Niger Delta region were acquired and 
processed from January 2001 to December 2005 in 
order to understand the climatic variations in the 
region during the period of study. Four of the 
stations are located in the coastal part of the region 
and the remaining four are located in the inland 
part of the region (Table 1). The meteorological 
parameters that affect optical satellite 
measurements and atmospheric concentrations of 
pollutants were given particular priority over 
others. These parameters are cloud, relative 
humidity, rainfall and wind direction.   
 
Table 1: The eight meteorological stations located within the Niger Delta region 
 
Station Location Longitude (Decimal 
degrees) 
Latitude   (Decimal 
degrees) 
Height Above Sea Level 
(Metres) 
Akure Inland 5.18 7.17 375.0 
Ondo Inland 4.50 7.06 287.3 
Owerri Inland 7.00 5.29 91.0 
Uyo Inland 7.55 5.30 38.0 
Benin Coastal 5.06 6.19 77.8 
Calabar Coastal 8.21 4.58 61.9 
Port Harcourt Coastal 7.01 4.51 19.0 
Warri Coastal 5.44 5.41 6.1 
 
 
2.2.  Data processing 
2.2.1. Demarcation of the Niger Delta region 
 In order to verify the extent of the 
suitability of SCIAMACHY satellite sensor 
measurements to estimate concentrations of CO 
over the Niger Delta region, considering climatic 
seasons, the region is demarcated into four 
segments - northwest, northeast, southwest and 
southeast. The bases for the demarcation are the 
hydrology and proximity to the Atlantic Ocean. 
Based on these, the region is categorized into 
coastal (or southern) and inland (or northern) 
sections (Fig. 1). The hydrological consideration 
focused on the major tributaries of and the delta 
formed by the Niger River, the majority of which 
are within the southern sections. 
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Fig. 1 Map of the study area showing the inland and coastal sections (in red boxes) and the delta of the Niger 
River (in green) 
 
2.2.2.  SCIAMACHY CO data processing 
 The relevance of kriging interpolation as a 
geo-statistical interpolation technique for air 
pollution assessment has been demonstrated based 
on its ability to generate prediction surfaces, 
uncertainty surfaces, probability maps and quantile 
maps (Attorre et al. 2007; Johnston et al. 2001; 
Kanaroglou et al. 2002; Kassteele, 2006; Kumar et 
al. 2007; Zimmerman et al. 1999).  
 The interpolation of SCIAMACHY CO 
considered the column measurements that fell 
within the boundary of the Niger Delta sections, 
which were extracted from global coverage data. 
The plotted points were used to generate 
interpolations (or prediction) surface 
representations of column concentrations using the 
ordinary kriging method in ArcGIS Geostatistical 
Analyst extension. A graph of the seasonal 
variation in mean CO concentrations was generated 
using the monthly mean concentration obtained 
from satellite and interpolation.  
2.2.3. Definition and categorization of reliability 
and resolution of interpolated estimates 
 The term ‘reliability’ has been defined as 
the level of acceptability of the prediction 
interpolated column concentration estimates of CO 
from the available column measurements from the 
SCIAMACHY satellite sensor within each of the 
defined sections of the Niger Delta region. The 
reliability of the interpolated CO column 
concentration estimates is based on the calculated 
mean of the Euclidean distances between the 
column measurements. The mean of the Euclidean 
distance, which represents the mean sampling 
distance between the column measurements in each 
of the sections of the Niger Delta, and. defined as a 
straight line between two points based on their 
coordinates (Lyon et al. 2008), is one of the 
measures of fit that can be used to determine the 
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level of conformity or representation of an 
interpolated surface to the observed point data 
(Azpurua and Ramos, 2010). The value of the mean 
of the Euclidean distance also defines the 
resolution of SCIAMACHY satellite measurements 
within the sections of the Niger Delta. The 
assessment of the reliability of the interpolated 
estimate is supported by the prediction standard 
error maps generated for each interpolation, which 
provides an indication of where predictions are not 
reliable (Kruvoruchko and Gribov, 2004). The term 
‘resolution’ of the prediction interpolated column 
estimates of CO over the Niger Delta is the mean of 
the Euclidean distance between the column 
measurements over the entire Niger Delta region. 
The shorter the mean of the Euclidean distance, the 
greater the level of representation of the 
interpolation surface to the observed points and the 
higher its reliability and resolution. 
 The classification of the reliability and 
resolution of the interpolation estimates was based 
on the resolution of interpolated climate surfaces 
for global land areas (Hijmans et al. 2005) and over 
the USA and Alaska continental area (Joyce et al. 
2011), from which it is postulated that high-
resolution interpolation surface could have a 
resolution of up to 20 km. Consequently, the 
estimated mean of the Euclidean distances 
observed for each of the sections of the Niger Delta 
region and over the entire region are categorized 
into levels of reliability and resolutions as high, 
medium, low and unreliable as contained in Table 
2. Areas with unreliable estimates are areas with 
mean Euclidean distances of 0 km and greater than 
100 km. Areas with mean Euclidean distances of 0 
km are sections with no, or just one, column 
measurement. 
 
Table 2: Categorisation of the reliability and resolution of the interpolation estimates generated from column 
measurements over the Niger Delta based on the estimated mean of Euclidean distances. 
  
Reliability / Resolution 
category 
Range of mean Euclidean distance 
High 1 km – 20 km 
Medium 21 km – 50 km 
Low 51 km – 100 km 
Unreliable 0 km; above 100 km 
 
3. Results 
3.1 Reliability of CO concentration estimates 
 The assessment of the reliability of 
prediction interpolated estimates over the Niger 
Delta, as defined in Section 2.2.3, produced the 
reliability chart shown in Fig. 2.  
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Fig. 2 Reliability chart for interpolated CO column concentrations over the Niger Delta from January 2003 to 
December 2005 
 
 Out of the 36 month-period of study from 
January 2003 to December 2005, only nine months 
have reliable estimates generated over the entire 
region (Fig. 3 a - i). A total of eight months 
(January 2003, March 2003, April 2003, May 2003, 
January 2004, May 2004, September 2004 and 
October 2004) produced reliable estimates over 
three out of four sections of the Niger Delta. 
Reliable estimates were generated over two 
sections (the northern sections) of the region in 
August 2003, July 2004, November 2004, March 
2005, April 2005 and May 2005. A period of six 
months (July 2003, January 2005, June 2005, July 
2005, August 2005 and September 2005) produced 
reliable estimates in only one section of the region. 
There were no satellite measurements for June 
2003 and December 2005. For the remaining five 
months, unreliable estimates were produced over 
the entire region. The resolutions of the prediction 
interpolation estimates for the months with reliable 
estimates over the four sections of the Niger Delta, 
as presented in Fig. 3, are presented in Table 3. 
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Fig. 3 Map showing months with reliable CO prediction interpolated concentration estimates generated over the 
entire Niger Delta region over a three-year period (a) February 2003, (b) September 2003, (c) October 2003, (d) 
November 2003, (e) February 2004, (f) March 2004, (g) April 2004, (h) August 2004, (i) February 2005 
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Table 3: Resolution of satellite measurements over the sections of the Niger Delta and resolution of 
prediction interpolated estimates for the months with reliable estimates 
 Month / Year Satellite Measurement Resolution / Reliability Interpolation 
Resolution 
NW Section NE Section SW Section SE Section Niger Delta 
MED 
(Km) 
Reliability MED 
(Km) 
Reliability MED 
(Km) 
Reliability MED 
(Km) 
Reliability MED (Km) / 
Resolution 
February 2003 18.0 High 9.1 High 20.5 Medium 34.9 Medium 20.6 / Medium 
September 2003 23.5 Medium 29.1 Medium 35.7 Medium 55.2 Low 35.9 / Medium 
October 2003 20.8 Medium 24.7 Medium 33.6 Medium 23.1 Medium 25.6 / Medium 
November 2003 16.2 High 27.0 Medium 31.5 Medium 35.0 Medium 27.4 / Medium 
February 2004 20.3 Medium 24.4 Medium 29.7 Medium 48.8 Medium 30.8 / Medium 
March 2004 20.7 Medium 16.0 High 21.2 Medium 22.0 Medium 20.0 / High 
April 2004 37.2 Medium 32.7 Medium 69.1 Low 38.8 Medium 44.5 / Medium 
August 2004 89.5 Low 41.8 Medium 52.5 Low 72.0 Low 64.0 / Low 
February 2005 24.4 Medium 21.4 Medium 27.7 Medium 33.5 Medium 26.8 / Medium 
 
 
3.2. Seasonal variations of mean CO 
concentrations 
 Seasonal variations are observed in the 
monthly mean total column concentrations of CO 
as measured from satellite (Mean Measured) and 
observed from interpolated estimates (Mean 
Predicted) (Fig. 4). The trends observed in both 
measurements are similar. The seasonal trend 
showed that peak concentrations occurred during 
the dry season months over the three-year period of 
study. It is observed that there was a consistent 
decrease in concentrations from the onset of the 
rainy season in March to the peak of rainy season 
in July / August / September. This is then followed 
by an increase in concentrations from the cessation 
of the wet season in October into the dry season. 
The highest concentration estimated at 4.63 x 10
18
 
molecules/cm
2 
was observed in March 2003, and 
the lowest concentration of 1.79 x 10
18
 
molecules/cm
2 
was observed in October 2004. The 
observed seasonal spatial distributions of CO total 
column concentrations over the region show that 
climatic elements play roles in the concentrations, 
irrespective of areas with significant anthropogenic 
sources of CO in the area.  
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Fig. 4 Seasonal variations in the mean measured and mean predicted CO total column concentrations over the 
Niger Delta 
 
 
3.3. Interpolation error assessment 
 For a kriging interpolation to produce 
prediction estimates close to the measured, the root 
mean square standardized error (RMSS) must be 
close to 1 (Johnston et al. 2001). This is in line with 
Caruso and Quarta (1998) who state that the 
expected variance (R
2
) gives the degree of the 
prediction of the interpolation process. If the RMSS 
error is greater than 1, it indicates an 
underestimation of the variability in the 
predictions. If the RMSS error is less than 1, there 
is overestimation of the prediction variability 
(Johnston et al. 2001). The RMSS errors generated 
from the interpolation process ranged from 0.98 to 
1.29. The percentage error generated ranged from -
4% to 3% (Table 4) 
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Table 4: Kriging interpolation error assessment 
 
Year Month Measured / Column     
(x 10
18
 mol/cm
2
) 
Predicted / Surface   
(x 10
18
 mol/cm
2
) 
RMS ASE (x 
10
17
 
mol/cm
2
) 
RMSS Error % 
Min Max Mean Min Max Mean 
2003 January 2.44 6.64 4.62 3.63 5.22 4.62 9.36 9.02 1.04 0.001 
 February 1.30 6.28 3.74 3.42 3.96 3.74 9.84 9.73 1.01 0.01 
 March 2.44 6.64 4.61 3.75 5.26 4.64 9.50 9.03 1.05 0.53 
 April 1.18 5.80 2.90 1.91 4.17 2.86 7.96 8.10 0.99 -1.45 
 May 0.92 5.28 2.79 1.18 4.79 2.80 7.87 8.34 1.07 0.10 
 June Data not available 
 July 0.77 3.90 2.01 0.98 2.72 1.98 9.34 9.31 1.02 -1.11 
 August 1.13 4.68 2.70 1.14 3.26 2.79 9.26 8.80 1.04 3.10 
 September 0.78 4.23 2.39 1.97 3.01 2.36 8.51 8.65 0.98 -1.13 
 October 1.01 5.08 2.49 1.66 2.94 2.49 8.24 7.81 1.05 0.01 
 November 1.04 4.91 2.74 2.03 3.06 2.74 9.64 9.73 0.99 0.22 
 December 1.26 6.20 3.99 There are not enough column measurements to generate a surface. 
2004 January 1.95 6.09 3.69 2.93 5.24 3.70 10.06 9.85 1.03 0.12 
 February 1.01 5.93 3.21 1.47 4.01 3.19 10.25 9.98 1.03 -0.69 
 March 1.11 5.86 3.21 2.16 4.14 3.18 9.89 9.42 1.05 -0.72 
 April 1.15 5.84 2.68 1.87 3.61 2.70 10.15 10.27 0.99 0.49 
 May 1.05 4.37 2.42 1.75 2.94 2.41 9.00 8.76 1.03 -0.32 
 June 2.14 3.88 2.77 There are not enough column measurements to generate a surface. 
 July 0.98 3.31 2.16 1.66 3.31 2.22 7.31 7.16 1.01 2.61 
 August 0.94 3.64 1.94 1.39 3.07 1.93 6.94 6.94 1.00 -0.35 
 September 1.19 3.57 2.06 1.61 2.52 2.05 7.56 6.63 1.13 -0.23 
 October 1.02 3.16 1.79 1.11 2.03 1.79 7.20 6.71 1.08 -0.06 
 November 1.78 3.70 2.50 1.78 3.29 2.40 9.06 6.36 1.29 -3.98 
 December Data not available 
2005 January 1.44 5.12 3.61 There are not enough column measurements to generate a surface. 
 February 1.99 4.93 3.25 2.67 3.87 3.24 7.18 6.93 1.04 -0.284 
 March 1.93 3.97 3.06 1.94 3.96 3.05 6.62 5.46 1.13 -0.356 
 April 1.99 4.79 3.04 2.38 3.99 3.08 8.82 8.99 1.00 1.355 
 May 1.25 3.80 2.34 1.56 3.07 2.35 7.77 7.60 1.03 0.253 
 June 1.49 3.02 2.33 There are not enough column measurements to generate a surface. 
 July 1.43 2.94 2.16 There are not enough column measurements to generate a surface. 
 August 1.25 3.73 2.54 There are not enough column measurements to generate a surface. 
 September 1.96 3.94 2.77 There are not enough column measurements to generate a surface. 
 October Data not available 
 November 2.07 3.77 2.92 There are not enough column measurements to generate a surface. 
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Year Month Measured / Column     
(x 10
18
 mol/cm
2
) 
Predicted / Surface   
(x 10
18
 mol/cm
2
) 
RMS ASE (x 
10
17
 
mol/cm
2
) 
RMSS Error % 
Min Max Mean Min Max Mean 
 December 2.16 2.49 2.32 There are not enough column measurements to generate a surface. 
 
 
3.4. Meteorological assessment of the Niger 
Delta 
 The Niger Delta experiences two climatic 
seasons. The rainy season is from April to October, 
and the dry season is from November to March. 
Using the World Meteorological Organization 
(WMO) cloud cover classifications (WMO, 1995), 
the average cloud cover observed from the 
meteorological stations in the Niger Delta range 
from 6 oktas in some parts of the inland areas to 7 
oktas in the coastal areas for all the months of the 
year. Water vapor content in the region was high 
throughout the year. Over the period from January 
2001 to December 2005, the lowest relative 
humidity of 36% was observed in the inland part of 
the region in January and the maximum relative 
humidity of 86% was observed along the coast in 
August. The majority of the region has relative 
humidity greater than 40% all through the year. 
The average monthly rainfall observed in the Niger 
Delta is lowest (4 mm) in the inland area in 
December and highest (542 mm) in the coastal area 
in July. Mean annual rainfall for January 2001 to 
December 2005 over the stations range from 1,409 
mm to 2,794 mm. Results show that the tropical 
maritime (south-westerly) air mass prevailed over 
the region almost all year round, with little seasonal 
change in wind direction. This verifies the 
observations of Olaniran (1986). During the dry 
season, the dry continental air mass (or the north-
easterly winds) is predominant over inland stations 
in Ondo and Akure only in December and January. 
Cloud cover, relative humidity and rainfall are high 
over the region due to the prevalence of the 
moisture-laden south westerly winds. 
 
4.  Discussions 
4.1.    Reliability of interpolated estimates  
 According to the chart showing the 
monthly reliability of the estimates generated over 
the Niger Delta from available column 
measurements (Fig. 2), the estimates generated 
over the inland areas have higher reliability than 
those generated over the coastal areas. The 
percentage of months with varying levels of 
reliability over the northern and southern sections 
during the dry and wet seasons, over the entire 
period of study, is calculated and shown in Table 5. 
 
 
 
 
 
 
 
 
 
13 
 
Table 5: Percentage of months with reliable and unreliable CO estimates over the northern and southern sections 
of the Niger Delta during the seasons and the entire period of study. 
 
Pollutant Section Dry season            (14 
months) 
Wet season             (20 
months) 
Total                       (34 
months) 
Reliable 
(%) 
Unreliable 
(%) 
Reliable 
(%) 
Unreliable 
(%) 
Reliable 
(%) 
Unreliable 
(%) 
CO Inland 71 29 65 35 68 32 
Coastal 50 50 27 73 35 65 
Niger Delta 60.5 39.5 46 54 51.5 48.5 
 
 
 Based on the percentage distribution of 
reliability during the period of study, the northern 
(inland) sections have more periods of reliable 
estimates than the southern (coastal) sections. Out 
of the 34-month period of this study for which data 
is available, 74% of the entire period produced 
reliable results over the northern sections. In the 
southern sections, only 42% of the period of study 
produced reliable estimates. In addition, over both 
sections, more reliable estimates are generated 
during the dry season than during the wet season. 
In the dry season, the minimum occurrence of 
reliable results estimated at 46% was generated 
over the coastal areas. Only 38% of the entire 
months of the wet season produced varying degree 
of reliable results. This clearly indicates that over 
the inland part of the Niger Delta, data from 
SCIAMACHY produced reliable estimates of CO 
for the Niger Delta region during both seasons. 
However, over the coastal areas, SCIAMACHY 
measurements can only produce reliable regional-
scale estimates during the dry season. 
 
4.2.  Climatic limitations to SCIAMACHY CO 
measurements over the Niger Delta 
 The reliability of interpolated CO 
concentration estimates is dependent on the 
influence of climatic conditions on the available 
imaging windows and the ability of the retrieval 
algorithm to correct for atmospheric interferences. 
The higher intensities of rainfall and relative 
humidity during the wet season constitute greater 
hindrance to optical satellite imaging than during 
the dry season. Theoretically, it is known that the 
presence of these climatic conditions reduce the 
quantity of measurements obtainable from optical 
sensors such as SCIAMACHY. However, the 
distribution of meteorological stations within the 
sections of the Niger Delta region (two stations 
within each section) limits the statistical 
(regression) analysis to establish the level of 
dependence of the availability of column 
measurements within each section on these two 
climatic conditions. A seasonal evaluation of the 
total number of column measurements available 
within each of the sections of the Niger Delta 
region clearly indicates the climate of the Niger 
Delta have impact of availability of CO column 
measurements as evidenced by the greater number 
of column measurements during the dry season 
than during the wet season throughout the three-
year period of study (Fig. 5). 
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Fig 5 Seasonal variations of the total number of CO column measurements within the sections of the Niger 
Delta from 2003 to 2005 
 
  Despite the low intensity of rainfall and 
low relative humidity which characterize the dry 
season in the Niger Delta, it was observed that 
there were sparse column measurements during 
some months of the dry season resulting in very 
high values of mean sampling distances between 
column measurements. As a result of this, there 
was low reliability or unreliable estimates during 
the months of December 2003, November 2004 to 
January 2005 and November 2005. This is 
indicative of the fact that the availability of column 
measurements is affected by other factors which 
also negatively affect the quality of data retrieved 
using the WFM-DOAS algorithm.  
 A consideration of climatic factors and 
anthropogenic activities during the dry season 
reveals that the Niger Delta region experiences 
haze and reduced visibility due to the influx of dust 
blown into Nigeria from over the Sahara Desert by 
the continental air mass (Akinro et al. 2008; 
Uyigue and Agho, 2007). The degree of the dust 
haze varies and is higher over the inland areas than 
over the coastal areas because of the Inter-tropical 
Convergence Zone (ITCZ), which limits the inland 
extent of the moist tropical maritime air mass. This 
results in lower intensities of rainfall and relative 
humidity during this period as compared with the 
wet season. Furthermore, due to low rainfall 
intensity, the dry season is a period in which forest 
removal takes place for construction activities and 
farmers’ preparation for the next planting season 
(Akinro et al. 2008). The practice of biomass 
burning in the Niger Delta (Chokor, 2004) results 
in the emission of air pollutants including smoke 
and particulates (Langmann et al. 2009; Lim et al. 
2004). The smoke and dust particles from biomass 
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burning and construction works combine with the 
dust particles from the Sahara Desert to form a 
layer of cloud condensation nuclei (CCN), which 
may exist for a longer period in the atmosphere in 
the absence of rainfall to remove them (Cattani et 
al. 2006; Kaskaoutis et al. 2011; Keil and 
Haywood, 2003; Lim et al. 2004). The presence of 
the CCN above cloud layers has been identified as 
an obstruction to an optical satellite sensor’s ability 
to retrieve cloud properties accurately. Cloud 
properties are required for cloud correction when 
using algorithms to retrieve useful information 
from satellite sensors (Cattani et al. 2006; 
Haywood et al. 2004). The combination of these 
climatic factors and their contributions to the 
formation and presence or removal of CCN over 
the Niger Delta may be responsible for the inability 
of the WFM-DOAS retrieval algorithm to 
adequately correct for cloud interferences during 
some months of the dry season over the Niger 
Delta. This accounts for the lack of adequate 
number of column measurements over the Niger 
Delta in November (2004 and 2005), December 
(2003 and 2004) and January 2005. 
 
4.3. Climatic effects on spatial distribution 
of concentrations 
 Based on the periods with reliable 
estimates, the spatial distribution of CO total 
column concentrations shows that prevailing wind, 
rainfall and atmospheric water vapor have effects 
on concentrations. Due to the rainfall and 
atmospheric water vapor content, chemical 
oxidation and wet deposition of CO molecules are 
higher during the wet season than during the dry 
season. Consequently, concentrations are lower 
during the wet season than during the dry season. 
However, Fig. 4 shows a sharp increase in the 
mean concentration of CO in August 2003. A 
comparison of the rainfall in July, August and 
September 2003 (Table 6) shows that the rainfall 
amount recorded over the majority of the 
meteorological stations was least in August. This 
shows that the rate of wet deposition of CO in 
August 2003 reduced considerably, thereby 
resulting in the sharp increase in the concentrations 
observed in the month.  
 
 
Table 6: Comparison of rainfall amount over meteorological stations in July, August and September 2003 
 
Station Total Rainfall Amount (mm) 
July 2003 August 2003 September 2003 
Akure 77.4 58.7 320.8 
Ondo 61.0 81.4 556.6 
Owerri 439.5 379.2 NA 
Uyo 475.0 274.3 388.8 
Benin 177.1 142.1 57.3 
Calabar 332.4 385.0 309.1 
Port Harcourt 480.9 206.4 535.3 
Warri 353.2 213.6 436.1 
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 The major anthropogenic activities that 
release carbon monoxide in the Niger Delta are 
road transportation, domestic cooking and lighting, 
industries, construction, and oil and gas exploration 
(EC-JRC/PBL, 2010). The majority of roads in the 
region are inland where the urban and semi-urban 
areas are located. These areas are also the 
industrialized parts of the Niger Delta. However, 
the majority of oil and gas exploration activities 
occur in the rural areas in the delta of the River 
Niger, located in the coastal part of the region 
(ERML, 1995). The observation of the spatial 
distribution of the concentrations of CO is 
generally higher downwind of areas of 
anthropogenic activities. During the dry season, 
high CO concentrations are observed in some parts 
of the coastal areas due to the weakness of the 
south westerly and the stronger influence of the 
north easterly winds (Adaramola and Oyewola, 
2011), which restricts the transport of CO 
molecules inland, even though the mean wind 
direction in the Niger Delta is south westerly. 
During the rainy season, concentrations of CO are 
higher over inland areas due to the transport of 
pollutants by the south westerly, and due to the 
higher rates of wet deposition over the coastal areas 
than over the inland areas. Consequently, during 
the wet season, the effects of the release of CO in 
the oil rich, industrialized and urban areas of the 
Niger Delta are likely to be greater further inland 
away from the region. However, during the dry 
season, the effects of the emission of CO from 
within the Niger Delta are higher over the inland 
parts of the region due to the north easterly 
continental air mass that blows coastward. The 
individual impacts of precipitation, humidity and 
wind direction have not been fully assessed in this 
study. However, it can be inferred from the spatial 
distribution that the health-based effects of carbon 
monoxide released from anthropogenic and natural 
activities in the Niger Delta are likely greater 
inland than along the coastal areas.  
 Fig. 3(a-i) shows the spatial distribution of 
CO monthly variations for the periods with reliable 
estimates. The variations indicate higher CO 
concentrations over the western and northern parts 
of the Niger Delta region. Seasonal wind regimes 
and anthropogenic activities in areas outside the 
Niger Delta region contribute to the observed 
spatial distributions. To the west of the Niger Delta 
region is the highly industrialized Lagos and Ogun 
States in Southwest Nigeria. These areas have 
many manufacturing industries, including cement 
factories. Fig. 3b, c, g and h represent spatial 
distributions during the wet season, which is 
characterized by the moisture-laden south westerly 
winds.  The high-intensity rainfalls that accompany 
the south westerly winds contribute to high rate of 
wet deposition of atmospheric CO in the coastal 
part of the Niger Delta, and the wind regime also 
transport CO molecules westwards to combine with 
molecules released from industrial and transport 
sources in Southwest Nigeria. During the dry 
season, however, the spatial distribution of CO 
indicates higher concentrations over the northern 
and inland part of the Niger Delta than the coastal 
part (Fig. 3a, d, e, f, and i). To the north of the 
Niger Delta is the part of Nigeria where subsistence 
and mechanized agriculture are practiced on the 
large scale. This area is characterized by biomass 
burning during the dry season (Akinro et al. 2008; 
Chokor, 2004). The CO emissions from biomass 
burning are then transported by the dry north 
easterly winds into the northern and inland parts of 
the Niger Delta. Consequently, high concentrations 
of CO usually occur over the inland part of the 
region during the dry season.  Due to the dryness of 
this wind regime, wet deposition of CO molecules 
rarely occur in the inland part of the region. 
However, there is minimal wet deposition only at 
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the coastal areas where there is little rainfall during 
the dry season.    
 
5.  Conclusions 
 The ability of SCIAMACHY satellite 
sensor to produce adequate column measurements 
to interpolate reliable concentration estimates of 
carbon monoxide over the Niger Delta region is 
affected by rainfall, relative humidity, cloud and 
dust haze. Areas with higher intensities of these 
climatic conditions have less available sensing 
windows, thereby affecting the number of columns 
available over such areas. These atmospheric 
interferences also impede the retrieval of useful 
information from satellite sensors. Spatially, the 
coastal areas of the Niger Delta have higher 
intensities of the impacting climatic conditions than 
the inland areas. Therefore, the satellite sensor 
provides considerably more measurements over the 
inland areas than the coastal areas. On account of 
the two climatic seasons observed over the Niger 
Delta, the wet or rainy season from April to 
October has higher intensities of rainfall and 
relative humidity than the dry season from 
November to March. Consequently, there are more 
measurements during the dry season than the rainy 
season. However, dust haze, which is due to the 
influence of the continental air mass blowing into 
Nigeria from the Sahara Desert during the dry 
season also have negative influence on the 
availability of CO column measurements from 
SCIAMACHY. This has been observed during the 
months of November, December and January. 
However, the extent of the impact of dust haze has 
not been extensively assessed in this paper. 
Although there are algorithms that correct for cloud 
and atmospheric water vapor content during the 
process of extracting pollutant concentrations from 
raw satellite data, these do not seem to have 
improved the quality of useful information obtained 
from SCIAMACHY in the Niger Delta. The 
measurements have greater quality when taken 
under cloud-free conditions. Based on the 
assessment of reliability presented in this paper, it 
can be concluded that measurements from 
SCIAMACHY satellite sensor can provide 
adequate data to generate reliable estimates of CO 
concentrations only on a monthly basis. However, 
the level of reliability that can be placed on the 
estimates depends on the time of the year and 
proximity to the coast. SCIAMACHY sensor was 
able to produce enough data to measure and 
generate reliable continuous CO total column 
concentration estimates over the low-latitude Niger 
Delta region during the dry season than during the 
rainy season.  Similarly, higher reliability estimates 
are obtainable in the inland areas than the coastal 
areas. This is indicative of the sensor’s (and / or its 
successor’s) relevance to support air pollution 
measurement and monitoring within the low 
latitudes, where the majority of developing 
countries are located. These developing countries 
are faced with economic constraints to establish 
networks of air quality ground monitoring stations. 
The integration of satellite sensors measurements 
could enhance the cost-effectiveness of establishing 
a monitoring scheme in such developing countries. 
 For the areas with high intensity of the 
climatic conditions that affect the SCIAMACHY 
CO measurements, the possibility of combining 
measurements from different satellite sensors could 
be explored in order to improve the number of 
column measurements available for interpolation. 
Ghude et al. (2009) demonstrated the combination 
and inter-comparison of GOME and SCIAMACHY 
measurements to determine global trend of NO2 
concentrations from 1996 to 2006. Future study 
could explore the effects of combining 
measurements from different satellite sensors over 
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low-latitude regions in order to generate more 
reliable interpolated CO concentration estimates. 
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